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CHAPTER 3

ONE-DIMENSIONAL LINEAR AND PERIODIC HEAT FLOW

3-1. Thermal regime.

The seasonal depths of frost and thaw
penetration in soilsdependsupon the
thermal properties of thesoil mass, the

surface temperature (upper boundary:

condition) and the thermal regime of
the soil at the start of the freezing or
thawing season. Many methods are
available to estimate frost and thaw
penetration depths and surface tem-
peratures. Some of these are sum-
marized in appendix B. This chapter
concentrates on some techniques that
require only relatively simple hand
calculations. For the computational
methods discussed below, the initial
ground temperatureisassumed touni-
formly equal the mean annual air tem-
perature of the particular site under
consideration. The upper boundary
condition is represented by the sur-
face freezing (or thawing) index.

3-2. Modified Berggren equation.

a. The depth to which 32°F tem-
peratures will penetrate into the soil
mass is based upon the “modified”
Berggren equation, expressed as:

48 K nF
X=2
L
or (eq 3-1)
48 K nl
X =,
L
where

X= depth of freeze or thaw (ft)

K=thermal conductivity of soil
(Btu/ft hr °F)

L= volumetric latentheatof fusion
(Btu/ft3)

n=conversion factor from air
index to surface index (dimen-
sionless)

F=air freezing index (°F-days)
I =air thawing index (°F-days)

A =coefficient that considers the
effect of temperature changes
in thesoil mass(dimensionless).

The ) coefficient is a function of the
freezing (or thawing) index, the mean
annual temperature of thesite,and the
thermal properties of the soil. Freeze
and thaw oflow-moisture-contentsoils
in the lower latitudes is greatly in-
fluenced by this coefficient.Itisdeter-
mined by two factors: the thermalratio

a and the fusion parameter u. These
have been defined in paragraph 2-1.
Figure 3-1 shows A as a function of «a
and u.

b. A complete development of this
equationandadiscussionofthe neces-
sary assumptions and simplifications
made during its development are not
presented here. A few of the more im-
portant assumptions and some of the
equation limitations are discussed
below. The assumptions and limita-
tions apply regardless of whether the
equationisused todetermine thedepth
of freeze or the depth of thaw.

(1) Assumptions. The mathematical
model assumes one-dimensional heat
flow with the entire soil mass at its
mean annual temperature MAT) prior
to the start of the freezing season. It
assumes thatwhen the freezing season
starts, the surface temperature
changes suddenly (as a step function)
from the mean annual temperature to
a temperature v,degrees below freez-
ing and that it remains at this new
temperature throughout the entire
freezing season.Latentheataffects the
model by acting as a heat sink at the
moving frost line, and the model as-
sumes thatthesoil freezesatatempera-
ture of 32°F.

(2) Limitations. The modified
Berggrenequationisabletodetermine
frost penetration in areas where the
ground below a depth of several feet
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remains permanently thawed, or to
determine thaw penetration in areas
where the ground below a depth .of
several feet remains permanently
frozen. These two conditions are simi-
lar in that the temperature gradients
are of the same shape, although re-
versed withrespectto the32°F line.No
simpleanalytical method exists todeter-
mine the depth of thaw in seasonal
frost areas or the depth of freeze in
permafrost areas, and such problems
should be referred to HQDA (DAEN-
ECE-G) or HQ AFESC. Numerical tech-
niques and computer programs are
available to solve more complex prob-
lems. Appendix Bdiscussessome ther-
mal computer models for computing
freeze and thaw depths. The modified
Berggrenequationcannotbeused suc-
cessfully to calculate penetration over
parts of the season. The modified
Berggren equation does not account
for any moisture movement that may
occur within the soil. This limitation
would tend to result in overestimated
frost penetration (if frost heave is sig-
nificant) or underestimated thaw
penetration.

(3) Applicability. The modified
Berggren equationismostoftenapplic-
able in either of two ways: to calculate
the multi-year depth of thaw in perma-
frost areas or to calculate the depth of
seasonal frost penetration in seasonal
frostareas.Itisalsosometimesused to
calculate seasonal thaw penetration
(active layer thickness) in permafrost
areas.

3-3. Homogeneous soils.
The depth of freeze or thaw in one
layer ofhomogeneoussoilmay bedeter-
mined by means of the modified
Berggrenequation. A thin bituminous
concrete pavement will not affect the
homogeneity of this layer in calcula-
tions, but a portland-cement-concrete
pavement greater than 6 inches thick
should be treated as a multilayered
system. In this example for homoge-
neous soils, determine the depth of
frost penetration into a homogeneous
sandy silt for the following conditions:
—Mean annu=al! temperature

(MAT) = 37.2°F.
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—Surface freezing index (nF) =
2500 degree-days.

—Length of freezing season (t)
=160 days.

—Soil properties: yq = 100 1b/ft3, w
= 16%.

The soil thermal properties are as
follows:

—Volumetriclatent heat of fusion,
L = 144(100)(0.15) = 2160 Btu/ft3.  (eq. 3-2).

—Average volumetric heat
capacity,

Cayg = 100[0.17++(0.75%0.15)]
=28.3 Btu/ft3 °F. (eq 3-3)
—Average thermal conductivity,
K, = 0.80 Btu/ft hr °F (fig. 2-3)
K, =0.72 Btu/ft hr °F (fig. 2-4)
Kave = V2K, + Kp) =0.76 Btu/ft
hr °F.
The ) coefficient is as follows:
—Average surface temperature
differential, :
vg = nF/t = 2600/160
= 18.6°F (16.6°F below 32°F). (eq3-4)
—Initial temperature differential,
Vo * MAT -32 = 37.2-32.0 =

5.2°F (5.2° above 32°F). (eq 3-5)
—Thermal ratio,

a = Vo/Vg = 5.2/16.6 = 0.33. (eq 3-6)
—Fusion parameter,

4 = Vg (C/L) = 18.6(28.2/2160) = 0.20. (eq 3-7)
—Lambda coefficient,

A = 0.89 (fig. 3-1). (eq3-8)

Estimated depth of frost penetration,

48 K nF 48(0.76)(2500)
X=p[—=089 | ————— =581t
L 2160 : (eq 3-9

- 3-4. Multilayer soils.

A multilayer solution to the modified
Berggren equation is used for non-
homogeneous soils by determining
that portion of thesurface freezing (or
thawing) index required to penetrate
eachlayer.The sumofthe thicknesses
of all the frozen (or thawed) layers is
the depth of freeze (or thaw). The
partial freezing (or thawing) index re-
quired to penetrate the top layer is
given by
Lydy Ry
Fi(orly) = (eq 3-10)

— )

24/\21 2
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where
d, = thickness of first layer (ft)

R, = d/K, = thermal resistance of

first layer.
The partial freezing (or thawing) index
required to penetrate the second layer
is
Lada Ry
R+ —).

24,\% 2

F2 (or Iz) = (eq 3'11)

The partialindexrequired to penetrate
the ntt layer is:

Lndn Rn
R+ —)
2422 2

Fn (or In) = (eq 3-12)

whereIRisthe total thermalresistance
above the n'" layer and equals

Rl + R2 + RS w + Rn—l .
The summation of the partial indexes,

F1+ F2+F3 ...+Fn(orll+12 + 13 o
+ In) (eq 3-14)

is equal to the surface freezing index
thawing index).

a. In this example, determine the
depth of thaw penetration beneath a
bituminousconcrete pavementfor the
following conditions:

—Mean annual temperature MAT) -

= 12°F,
—Air thawing index (I)
= 780 degree-days.
—Average wind speed in summer

= 7.5 miles per hour (mph).
—Length of thaw season (t)
= 105 days.
—Soil boring log:
Depth
Layer (ft) Material’
1 0.0-0.4 Asphaltic concrete
2 0.4-2.0 GW-GP
3 2.0-5.0 GW-GP
4 5.0-6.0 SM
5 6.0-8.0 SM-SC
6 8.0-9.0 SM

(eq 3-13)

Sinceawindspeed of7-1/2 mph results
in an n-factor of 2.0 (fig. 2-10), asurface
thawing index nl of 1660 degree-days

is used in the computations. The v, v,
andqValuesaredetermined in thesame

way as those for the homogeneous case:

Vg™ 1560/105 = 14.8°F (eq 3-15)
Vo= 12.0 - 32.0 = 20.0°F (eq 3-18)
a = 20.0/148 = 1.35. (eq3-17)

" The thermal properties C, K and L of

therespectivelayersareobtained from
figures 2-1through 2-8. ‘

b. Table 3-1 facilitates solution of
the multilayer problem, and in the fol-
lowing discussion, layer 3 is used to.
illustrate quantitative values. Columns
9, 10, 12 and 13 are self-explanatory.
Column 11, T, represents the average
value of L for a layer and is equal to
ILd/3d (2681/6.0 = 517). Column 14, C,
represents the average value of C and
is obtained from Cd/zd (145/5.0 = 29).
Thus L and C represent weighted
values to a depth of thaw penetration
given by xd, which is the sum of all
layer thicknesses to that depth.

The fusion parameter u for each layer
is determined from

vg (C/L) = 14.8 (20/517) = 0.83. (eq 3-18)
The A coefficient is equal to 0.508 from
figure 3-1. Column 18, R, is the ratio
d/K and for layer 3 equals (3.0/2.0) or
1.5. Column 19, IR, represents the sum
of the R, values above the layer under
consideration. Column 20, IR + (R _/2),
equals the sum of the R, values above
the layer plus one-half the R value of
th2layerbeingconsidered.Fo: iayer3
thisis [1.32 + (1.50/2)] = 2.07.Column 21,
nl, represents the number of degree-
days required to thaw the layer being
considered and is determined from

Dry unit weight Water content
(Ib/ft3) (%)
138 -
156 2.1
151 2.8
130 6.5
122 4.6
116 5.2

‘In accordance With Unified Soil Classification System.
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Multtilayer solution of modified Berggren equation.

Table 3-1.
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Ld Ry
nl=—— R+ — ). (eq 3-19)
24,2 2
For layer 3,
(610)(3.0)
nlg= —————— (2.07) (eq 3-20)
24(0.508)2

= 6812 degree-days

The summation of the number of
degree-days required to thaw layers 1
through4is1297,leaving (1660 -1297 =)
263 degree-days to thaw a portion of
layer 5. A trial-and-error method isused
to determine the thickness of the
thawed part of layer 5. First, it is as-
sumed that1.0 feet of layer 5 is thawed
(designated as layer 5a). Calculations
indicate 465 degree-days are needed
tothaw 1.0 footoflayer 5 or (465 -263 =)
202 degree-days more than available.
A new layer, bb, is then selected by the
following proportion

(263/465)1.0 = 0.57 ft (try 0.8 ft). (eq 3-21)

This new thickness results in 260
degree-daysrequired to thaw layer 5b
or 3 degree-days less than available.
Further trial-and-error isunwarranted
and the total estimated thaw penetra-
tion would be 6.6 feet. A similar tech-
niqueisused to estimate frost penetra-
tion in a multilayer soil profile.

3-5. Effect of snow and vegetative cover.

Thermal properties of snowand vegeta-
tive covers are extremely variable in
both time and space. Both materials
tend to act as insulators and retard
heat transfer at the air-ground inter-
face.In freeze-thaw computations,snow

and vegetative surface materials are

treated as separate layers in the multi-

equation, with snow cover thickness
estimated seasonally. The tabulation
below presentsaverage thermal proper-
ties of snow applicable for calculation
in the noted regions if a better data
base is not available. In the absence of
site-specific data, figures 2-5 and 2-6
should be used to estimate the thermal
conductivities of vegetative surface

- cover.

3-6. Surface temperature variations.
The temperatures at the air-ground
interface are subject to daily and sea-
sonal fluctuations.Precipitation, insola-
tion, air temperature and turbulence
contribute to these variations in sur-
face temperature. To facilitate mathe-
matical calculations, two assumptions
are commonly maderegarding the tem-
peratures at the upper boundary: 1) a
sudden step change occurs in surface
temperature or 2) the surface tempera-
ture change is sinusoidal. The sinu-
soidal variation of temperature over a
year closely approximatesactual condi-
tions; however, it is amenable to hand
calculations only if latent heat effects
are negligible.Solutions and examples
for both conditions are given below.
a.Sudden step change. Thisinvolves
a sudden change in the surface tem-
perature of a mass that was initially at
a constant, uniform temperature. The
suddenstep change wasused to estab-
lish the boundary conditions for heat
flow in the modified Berggren equation
giveninparagraph3-2.1f theinfluence
of latent heat is not involved, or is as-
sumed negligible, the following equa-
tion may be used:

X

Tx,t) = Tg+(Tqy-Tgert ( ) (eq 3-22)

layersolution of the modified Berggren 2Vat
Unit K
weight (Btu/ft) (] L
Region (1b/ft3) hr °F) (Btu/ft® °F) (Btu/ft)

Interior Alaska 16 0.11 8 2300
Canadian Archipelago,

N. Alaskan coast, _

and temperate regions 20 0.18 10 2880
Northern Greenland 22 0.20 11 3170
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where a = thermal diffusivity of the
h mass (ft2/day = K/C)
Ty = t(ienr;lé)t(eorgture atdepth x, at t =time after application of
sudden change in surface
T =suddenly applied constant temperature (days).
surface temperature (°F) . - . .
. T Figure 3-2 gives the relationship be-
T, =initial uniform Eemper a- tween (x/2 ¥V at)anderf(x/2 ¥V at). The
ture of the mass (°F) expression for the error function is
erf =mathematical expression, shown in appendix A and figure 3-2.

. . termed the error function, In thisexample ofasudden step change,
which is frequently used ahighly frost-susceptible subgrade is
in heat flow computations covered with a 2-foot thick, non-frost-
(dimensionless) susceptible gravel pad. Both soils are

X = depth below surface (ft) at an initial temperature of 20°F. If the
S
N

[
|
at

I
0.4

_
0.2

© <

= o o S
(L) 10

Figure 3-2. Relationship between (x/2 Y at) and erf (x/2 VY at).

0.2

(U.S. Army Corps of Engineers)
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surface of the gravelissuddenly heated
toand maintained at 70°F foranumber
of days, estimate the temperature at
the gravel-subgrade interfaceafter one
day. The gravel material is very dry
and latent heat may be ignored. The
thermal conductivity of the gravel is
1.0 Btu/ft hr °F and the volumetric heat
capacity is 25 Btu/ft3. The thermal dif-
fusivity of the gravel is (K/C = 1.0/25)
== 0.04 ft2/hr., or 0.96 ft2/day, and
x/2 Yat=(20/2 V096 x1) =102.From
figure 3-2,erf(x/2 at) isequal to 0.85,
and the interface temperature T is
[70 + (R0 - 70)0.85] = 27.5°F.

b. Sinusoidal change. Asurfdce tem-
perature variation that is nearly sinu-
soidal repeats itself periodically for a
surface exposed totheatmosphere.For
mostproblems inthismanual, the sinu-
soidal variation of concernoccursover
an annual cycle. If latent heat is not
involved or is assumed negligible, the
following equation may be used:

M
Ay= A, exp (-x -
aP

(eq 3-23)

where

Az amplitnde of temperature wave

at depth x (°F).

Az amplitude of the surface tem-
perature wave above or below
the average annual tempera-
ture (°F)

x = depth below surface (ft)

a =thermaldiffusivity of the mass
(ft2/day)

P=period of sine wave (365 days).

The sinusoidal temperature pattern is
assumed to existatall levelstoadepth
where thereisno temperature change.
The temperature waves lagbehind the
surface wave, and the amplitude of the
sinusoidal wavesdecreases withdepth
below the surface. The phase lag is
determined by t = (x/2) ( v 363/7,a).
Typical temperature-time curves for a
surface and at a depth x are shown in
figure 3-3.

In the following example of a sinu-
soidal temperature change, thesurface
temperature ofan 8-foot-thick concrete
slab varies from 60° to -40°F during the
year. Determine the maximum tem-
perature at the base of the slab as-
suming a diffusivity of 1.0 ft2/day for

3-8

the concrete. The average annual tem-
perature is [60 + (-40)]/2 = 10°F and the
surface amplitude is (60 - 10) = 50°F.
Theamplitudeatan8-footdepth equals

m
Ay =50 exp [-8 \/ ———— =50e0742

(L.0)(365)

= 24°F. (eq 3-24)
The maximum temperature at 8 feet is
(10 + 24) = 34°F.The time lag t, between
the maximum temperature at the sur-
face and 8 feet is

8 365

ty = =43 days
2 7(L0O) (about 8 weeks). (eq 3-25)

(Note: latent heat would increase the
time lag and decrease the amplitude.)
c¢. Nonuniform layers. The method
of equivalent thickness is used to find
the temperature at a point below a
number of layers of different thermal
properties. This technique assumes a
negligible effect of latent heat, and in-
volves reduction of each layer to an
equivalent material thickness by set-
ting the ratio of the thicknesses equal
to the ratio of square roots of the ther-
mal diffusivities. For example, deter-
mine the equivalent gravel thickness
for the three layers shown, assuming
all materials are unfrozen.
The following table shows that 4.75
feet of the nonuniform materials can
be considered equivalent to 5.4 feet of
gravel for heat-flow purposes. This
equivalent thickness and the thermal
diffusivity of the gravel are used to
calculate temperatures at the base of
the gravel layer by either the step-
change or sinusoidal method.

3-7. Convertingindexesinto equivalent sine
wave of temperature.

Some problems may require the use of

_ the sinusoidal temperature variation

technique, given only the freezing or
thawing indexes and the average
annual temperature. These indexes
may be converted into a sine curve of
temperature to give the same index
values and thesam emean temperature.
Forexample,convertthe monthly aver-
age temperature data for Fairbanks,
Alaska, shown in figure 2-9 into an
equivalentsine wave. Therelationship
between the sinusoidal amplitude,
freezingindex,thawingindexandaver-
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SURFACE TEMPERATURE

A,
FONMEAN \ ANNUAL_TEMPERATURE

- 32 °F—
L.
]
u;' SURFACE FREEZING INDEX
x
P
<
x
w
% TEMPERATURE AT DEPTH (Xx)
w |t A '
- X

LONMEAN\ ANNUAL _TEMPERATURE /

TIME
(U.S. Army Corps of Engineers)

Figure 3-3. Sinusoidal temperature pattern.

FREEZING INDEX AT DEPTH (X}

Volumetric
Dry Unit - Thermal " heat Thermal
weight, Water conductivity, capacity, diffusivity,
Yd content, K C a=K/C
Material  (Ib/ftd) w (%) (Btu/ft hr° F) (Btu/ft® °F) (ft¥/hr)
Concrete -- - 1.0 33.0 0.033
Sand 120 2 0.8 23 ¢ 0.035
Gravel 135 4 1.5 28 +x 0.054
‘From fiquré 2-2.
C = y 4 (0.17 + w/100).
Thermal V-"_g
Thickness diffusivity Equivalent gravel
Material (ft) (fté/hr) Yem thickness (ft)
Concrete 1.75 0.033 1.3 2.3 (1.3 X 1.75)
Sand 0.50 0.035 1.2 0.6
Gravel 2.50 0.054 1.00 2.50
Total thickness 475 5.4

"The subscript g refers to the gravel layer and the subscript m refers to the other material layer.

.39
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age annual temperature is shown in of 5240 degree-days, the sinusoidal
figure 3-4. amplitude is found to be 37.0°F. The
Theaverage temperature at Fairbanks equation of the sine wave is
for October 1949 to September 1950 T = 27.0 - 37.0 sin 27ft (eq 3-26)
was 27°F. By use of the freezing index = 27.0 - 837.0 sin 0.0172 t (radians)
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Figure 3-4. Indexes and equivalent sinusoidal temperature.
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where

f =frequency, 1/365 cycles per day
t =timefromoriginindays.(Origin
of curve is located at a point
where T intersects the average
annual temperature on its way
downward toward the yearly
. minimum.)

If the-thawing index of 3240 degree-
dayshadbeenused, thesinusoidal tem-
perature amplitude would be 35.5°F.
The actual temperature curve for Fair-
banks, Alaska, and the equivalent sine
wave computed from the freezing index
are plotted in figure 3-5. This illustra-
tion makesuse ofairindexesbutasine
wave could be determined for surface
indexesby multiplying theairindexes
with appropriate n-factors. Note that
the mean annual ground surface tem-
perature may be substantially different
(frequently higher) from the mean an-
nual air temperature because the
freezing n-factorisgenerally notequal
to the thawing n-factor. If the long-
term mean monthly temperature had
been used instead of the average
monthly temperatures for the 1949-1950
period, the correlation between the
actual temperature curve and the equi-
valentsine curve would practically coin-

cide, as shown in figure 3-6.

vlﬁirt'llllll

60— Sine Wave
of Equivalent Indexes

50—

THAWING
INDEX .

T avg Annuat
Temp. —

FREEZING
INDEX

Average Monthly Temperature (°F)

Avg.
Temperature

stotntslatetmtatutsotatsts]
1949 1950

(U.S. Army Corps of Engineers)

Figure 3-5. Average monthly temperatures for
1949-1950 and equivalent sine wave, Fairbanks,
Alaska.
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3-8. Penetration of freeze or thaw beneath
buildings.

The penetration of freeze or thaw
beneath buildings dependslargely on
the presence orabsence ofanairspace
between the building floor and the
ground as discussed below and in TM
5-852-4/AFM 88-19, Chapter 4.

a. Building floor placed on ground.
When the floor of a heated building is
placed directly on frozen ground, the
depth of thaw is determined by the
same method as that used to solve a
multilayer problem when the surface
is exposed to the atmosphere, except
that the thawing index is replaced by
the product of the time and the dif-
ferential between the building floor
temperature and 32°F. For example,
estimate the depth of thaw after 1 year
for a building floor consisting of 8
inches of concrete, 4 inclies of insula-
tion and 6 inches of concrete, placed
directly onab-foot-thick sand pad over-
lying permanently frozen silt for the
following conditions:

—Mean annual temperature = 20°F.

—Building floor temperature = 65°F.

—Sand pad: y4 = 133 1b/ft3, w = 5%.

—Frozensilt: y4 = 75 1b/ft3, w = 45%.

—Concrete: K = 1.0 Btu/ft hr

°F, C = 30 Btu/ft3°F.
—Insulation: K = 0.033 Btu/ft hr °F,
C = 1.5 Btu/ft3°F.
The resistances of the three floor
layers are in series, and the floor re-
sistance R;is thesumof the threelayer
resistances:

Ro= 9 8 4 8
= — + b —
Kk (12)1.0) = (12)(0.033)  (12)(10)
=112 12 fe° (eq 3-27)

The average volumetric heat capacity
of the floor system is

(30)(8) + (1.B)(4) + (30)(6)

8+4+6
=237 Btuw/#t3 °F

Cf =
(eq 3-28)

The solution to this problem,shownin
table 3-2,predictsatotal thaw depth of
7.8 feet. This solution did not consider
edge effects,i.e.,alongnarrowbuilding
will have lesser depth of thaw than a
square building with the same floor
becauseofthedifferenceinlateral heat
flow.
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Figure 3-6. Long-term mean monthly temperatures and equivalent sine wave, Fairbanks, Alaska.

b. Airspace below building
(1) Anunskirted airspace between
the heated floor of building and the
ground will help prevent degradation
ofunderlying permafrost.Theairspace

insulates the building floor from the .

ground and acts as a convective pas-
sage for flow of cold air that dissipates
heat from the floor system and the
ground.Thedepth of thaw iscalculated
by means of the modified Berggren
equation for either a homogeneous or
multilayeredsoilsystem, asapplicable.
An n-factor of 1.0 is recommended to
determine the surface thawing index
beneath the shaded areaofan elevated
building.

3-12

(2) There is no simple mathemati-
cal expression for analyzing the heat
flow in a ventilated floor system that
has ducts or pipes installed within the
floor oratsomedepthbeneath the floor,
with air circulation induced by stack
effect. The depth to which freezing
temperatures will penetrate is com-
puted with the modified Berggren equa-
tion, except that the air freezing index
at the outlet governs. This index is
influenced by anumber of design vari-
ables, i.e., average daily air tempera-
tures, inside building temperatures,
floor and duct or pipe system design,
temperature and velocity of air in the
system, and stack height. Cold air
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Table 3-2. Thaw penetration beneath a slab-on-grade building constructed on permafrost.

09021 0289 LI°Sl Sv°vl vp°l
0Z0gl 08Y¥L 6Z°GL Sv°vl L[9°1
ovss Ovss 28°2L 0Z°Il sZ°¢
- - 0 0 (A Y

T ST Y,
-}

4604 8% = uojjeujeusd meys (40}

shep~eoubep 0zG9 = (£1°G1) (98570192 _ (q +118) u
0509

shep-eaubep gL = (6Z°G1) aEn (@ 4118) |u
0469

shep-eeabep opsg = (28°Z1) ummmmmwwm.u (pueg) ju

sAep-ee4bep 0G0ZI = G9€ X ¢€ = (|U) xepuj Dujmeyy edejung

9¢°0 = ¢¢/21 = © 40E€ = Zg-69 = A de2l = 02 - 2€ = °A

986°0 69L°0 69°0 6Z 1224 8y 06€l 06801 0509 0G9% 06°0 L§ 8°L €1 0%y %

€66°0 LL°0 6€9°0 6Z 1€z GG OL¥L OLLLl OL69 069% 06°0 LE  0°8 ¢°I O°¢r Z

€9¥°0  99°0 1Z°t 2z 9Ll ovL 8<L 008y 008y 096 ¥5°1I B8Z 6°9  0°¢ 0°¢ €<l
- — - - - 9% 0 0 0 0 - vz st &1 == -
X X f 0 PR PP 1 PR M 1 N 2 (4 P " Py

3-13

q +11S
e 4115
pueg
40014

Jaheq

*(sJo0u|bul j0 sduoy Auay °g°n) isodjewded uo pesonussucd Buip|ing epesb-uo-qe|s e yieeueq uojjedjousd meyy °z-¢-8|Qel

9 ewn|op ‘6l-88 ¥IV/9-268-G WL



*TM 5-852-6/AFR 88-19, Volume 6

passing through the ducts acquires
heat from the duct walls and experi-
ences a temperature rise as it moves
through the duct, and the air freezing
index is reduced at the outlet. Field
observations indicate that the inletair
freezing index closely approximates
thesiteairfreezingindex.Thefreezing
index at the outlet must be sufficient
to counteract the thawing index and
ensure freeze-back of foundation soils.

(8) As an example, determine the
required thickness of a gravel pad be-
neath the floorsectionshowninfigure
3-7 tocontain all thaw penetration. Also
determine the requiredstack heightto
ensure freeze-back of the pad on the
outletside of theducts. The conditions
for this example follow:

— Ductlength, 1 =220 ft.

— Gravel pad: yq =125 1b/ft3,
w = 2.6%.

— Outlet mean annual tempera-
ture = 32°F O, w = 2.5%.
(conservative assumption).

— Minimum site freezing index
= 4000 degree-days.

— Freezing season = 215 days.

— Thawing season = 150 days
(period duringwhich ductsare
closed).

— Building floor temperature
= 60°F.

— Thermal conductivity of con-
crete, K, = 1.0 Btu/ft hr °F.

— Thermal conductivity of insula-
tion, K, = 0.033 Btu/ft hr “°F.

(a) The required thickness is
determined by the following equation,
derived from the modified Berggren
equation:

48731,
X=KRg[ [1+——-1)
KL(Rg?

(eq 3-29)

Figure 3-7. Schematic of ducted foundation.



where

K =averagethermalconductivity of
gravel
=1/2(0.7 + 1.0) = 0.85 Btu/ft hr °F
Ry =thermal resistance of floor

system
18 4 12
= + +
- 12(1.0) 12(0.033) 12(1.0)

= 12.56 ft2 hr °F/Btu (eq 3-30

(In the computations the dead airspace

is assumed equivalent to the thermal

resistance of concrete of the same
thickness.)

A =factor in modified Berggren
equation = 0.97 (conservative
assumption)

I,= thawing index at floor surface
= (80 - 32)(150) = 4200 degree-
days

L=latent heat of gravel =
144(125)(0.0256) = 450 Btu/ft3

(48)(0.97)2 (4200)

X = (0.85)(12.5) [ _ [1+ . 1]
(0.85)(460)(12.5)2

then

= 11,0 ft. (eq 3-31)

(b) Thus the totalamountofheat

to be removed from the gravel pad by

cold-air ventilationduring the freezing

season with ducts open is equal to the

latent and sensible heat contained in

the thawed pad. The heat content per

square foot of pad is determined as
follows:

— Latent heat, (X)(L) = (11.0)(450)
= 4950 Btu/ft?

— Sensible heat (10 percent of
latent heat, based upon ex-
perience) = 495

— Total heat content:

5445 Btu/ft2.
The ducts will be open during the
freezingseason (215 days),and the aver-
age rate of heat flow from the gravel
during thisseason isequal to 5445/215

X 24 = 1.0 Btu/ft? hr. The average thaw-
ing index at the surface of the pad is
L X2 (450)(11.0)%
= = 1420 degree-days.

482K 48(0.97)2(0.85) (eq 3-32)
This thawing index must be com-
pensated forby anequal freezing index
- atthe duct outlet on the surface of the
pad toassure freeze-back.Theaverage
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pad surface temperature at the outlet
end equals the ratio

Required freezing index

Length of freezing season
1420

215
= 6.6°F below 32°F or 26.4°F.

Theinletairduring the freezing season
has an average temperature of

Air freezing index 4000

Length of freezing season 215

= 18.6°F below 32°F or 13.4°F.

‘Therefore, theaverage permissible tem-
perature rise Ty{ along the duct is
(264 - 13.4) = 12.0°F.

(c) The heat flowing from the
floor surface totheductairduring the
winter is equal to the temperature dif-
ference between the floor and ductair
divided by the thermal resistance be-
tween them. The thermal resistance R
is calculated as follows:

X, X4 1 14
R m— 4 m o
Ko Ky  hpo (12010
— L oahrn2F/B 3-33)
— = 12, r ° -
(12)(0.033) 1.0 uleq
where

X = thickness of concrete (ft)
X; =thickness of insulation (ft)

h,.=surface transfer coefficient
between duct wall and duct

_ air
(For practical design, h,, = 1.0 Btu/ft?
hr °F and represents the combined
effect of convection and radiation. At
much higher air velocities, this value
will be slightly larger; however, using -
a value of 1.0 will lead to conservative
designs). The average heat flow be-
tween the floor and inlet duct air is
[(B0 - 13.4)/12.3] = 3.8 Btu/ft2 hr, and be- -
tween the floor and outlet duct air is
[(B0 - 25.4)/12.3] = 2.8 Btu/ft? hr. Thus

.the average rate of heat flow from the

gravel pad to the duct air is 1.0 Btu/ft?
hr. The total heat flow ¢ to the ductair
from the floor and gravel pad is
(3.3 + 1.0) = 4.3 Btu/ft2 hr. The heat flow
to the duct air must equal the heat
removed by the duct air:

Heat added = heat removed

¢fm =60V Ayp cpTR: (eq 3-34)

3-15
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Thus the average duct air velocity
required toextractthisquantity ofheat
(4.3 Btu/ft?® hr) is determined by the
equation:

¢tm
V& —————— ft/minute (eq 3-35)
where :
¢ =total heat flow to duct air (4.3
Btu/ft? hr)

£ =length of duct (220 ft)

m =ductspacing (2.66 ft)

A4 =cross-sectional area of duct
(1.68 ft?)

¢ =density of air (0.083 1lb/ft3
[figure 3-10])

Cp = specific heat of air at constant
pressure (0.24 Btu/1b °F)

TR =temperature rise in duct air
(12°F).

Substitution of appropriate values
gives arequired air velocity

(4.3)(220)(2.66)

V=
(60)(1.58)(0.083)(0.24)(12.0)
= 111 ft/minute. (eq 3-36)
(d) The required air flow is ob-
tained by a stack or chimney effect,
which is related to the stack height.
The stack height is determined by the
equation
hd - hv +he
where
- peH(T,-T,)
5.2(T, + 460)
(natural draft head)

p =density of air at average duct
temperature (1b/ft3)

¢ =efficiency of stack system (%).
This factor provides for

(eq 3-37)

d inches of water

Figure 3-8. Properties of dry air at atmospheric pressure.
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friction losses within the
chimney
H =stack height (ft)
T, =temperature of air in stack
(°F)
T, = temperature of air
surrounding stack (°F)
2
h, =( ~—V—~)?3 inches of water
) 4000 (velocity head)
V =velocity of duct air (ft/minute)
£
h, =f = h, inches of water
D, ° (friction head)
f =friction factor
(dimensionless)
{, =equivaientductlength (ft)
D, =equivalent duct diameter (ft).
The technique used to calculate the
friction head is

4(cross-sectional area

of duct in ft<) 4(1.58)
D, =
perimeter of duct in ft 2  18+20
12 ( 2 * 12)
=122 ft. (eq 3-38)

The equivalent length of the duct is
equal to the actual length £, plus an
allowance {,, for bends and entry and
exit. Each right-angle bend has the
effect of adding approximately 656
diameterstothelength oftheduct,and
entry and exit effects add about 10
diameters for each entry or exit.In this
example the totalallowance{,, for these
effects is [2(65 +10) =] 160 diameters,
which is added to the length of the
straight duct. The estimated length of
straight duct 4, is

5ft (assumedinletopenlength)
220 ft (length of duct beneath
floor)

15 ft (assumed stack height)
240 ft ) )
£e=ls+fb (eq 3-39)

1 o = 240 + (150 X 1.22) = 423 ft.

The friction factor f’ is a function of
Reynolds number Nz and the ratio
e/D.. Areasonableabsoluteroughness
factor e of the concrete duct surface is
0.001 feet, based on field observations.
Suggested values of e for other types
of surfaces are given in the ASHRAE
Data and Guide Book. The effect of
minor variations in e on the friction

*TM 5-852-6/AFR 88-19, Volume 6

factor is small, as noted by examining
the.-equation below used to calculate
the friction factorf. Reynolds number
is obtained from the equation
V(&' +0.25 D)
NR = (eq 3-40)
v

(111 X 60X1.0 + 0.25 X 1.22)
NR = = 17,700
049
V = average duct velocity (ft/hr)
a = shortest dimension (ft)
V= kinematic viscosity
(ft3/hr at 19.4°F [fig. 3-8]).
The friction factor f is obtained by
solving the equation

. e 106
' = 0.0055(1 + (20,000 X — + 3
D Ng
0.001 106 va
= 0.0055{1 + (20,000 X +
e+ 122 17.700 ) ]
= 0.0285. ) (eq 3-41)
Therefore, the friction head is
o .
h,=rx 5. Xhv (eq 3-42)
e
423 :
= 0,0285 X Xh,=9.8h,,.
1.22 v v

Thedrafthead required to provide the
desired velocity head and to overcome
the friction head is furnished by the
chimney or stack effect. The drafthead
h, is obtained as follows:

hy= hy+ he= h,+98h, (eq 3-43)
= 108 h,
= 108 ( )2
4000
1
= 108 ( )2 = 8.31x10"3 inches of water.
4000

The stack height required to produce
this draft head is
5.2 hy(T, + 460)
H = —————
pE ('I‘c - To)
(6.2)(8.31x10"3)(25.4 + 460)

(0.083)(0.80)(25.4 - 13.4)
= 26 ft
where
p =0.0831b/ft3
c =R6.4°F
=13.4°F
= 80% (found to be a reasonable
design value based on observa-
tions over an entire season)
h, =8.31x108 inches of water.

(eq3-44)

o

T
T
€
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(e) If the stack is too high for the
structure,agreater thicknessofinsula-
tion could be used. In this example, the
effectofincreasing theinsulation thick-
ness by one-half wouldresultinlower-
ing the stack height by five-eighths.

(f) This firstapproximated stack
height is next incorporated in the cal-
culation of the length of straight duct
L, and the hewly obtained ¢, is used to
recalculate the friction head h,. By trial-
and-error, the final calculated stack
height is found to be 26.5 ft.

(g) The stack height is an im-
portant variable because an increase
in stack height will increase the duct
airflow. Circulation of air through the
ducts results from 1) a density dif-
ference between theair inside theduct
and thatoutside the building, 2)apres-
surereductionatthe outletendattrib-
utable to the stack effect, 3) a positive
pressure head at the inlet end when
wind blows directly into the intake
stack opening, and 4) a negative pres-
sure head at the outlet when wind
passes over the exhauststack opening.
Draft caused by wind is highly erratic
and unpredictable and should not be
considered in design; however, the
vents should be cowled to take ad-
vantage of any available velocity head
provided by the wind. If sufficient air
cannot be drawn through ducts by
natural draft, mechanical blowers
could be specified or consideration
given toalternatingairflowin theducts.

3-9. Use of thermal insulating materials.

An insulating layer may be used in
conjunction with a non-frost-suscep-
tible material to reduce the thickness
of fill required to keep freezing or
thawing temperatures from pene-
trating intoanunderlying frost-suscep-
tible soil. As in the example of para-
graph 3-8a, the thermal resistance of
the pavementand insulation layersare
added to obtain total resistance, and
the latent heat effect of a combined
pavement and insulation layer is as-
sumed negligible.(TM 5-818-2/AFM 88-
6,Chap.4 discussesindetail thedesign
of insulated pavements.) If the insu-
lating material will absorb water, its
insulating effectiveness will be re-
duced considerably (as discussed in
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T™M 5-852-4/ AFM 88-19, Chap. 4). Limited
field tests indicate that the heat-flow
resistance of a portland-cement-
concrete pavement overlying a high-
quality insulatinglayer is more compli-
cated than simple addition of resist-
ances, but until sufficient data are
obtained for validation, treatment of
resistances in series is recommended.
a. Example. A pavement consists of
14 inches of portland-cement concrete
placed on a 6-foot gravel base course.
Frostpenetrated 3.2 feetinto theunder-
lyingsiltsubgrade.Determine the thick-
ness of insulation required to prevent
frostpenetrationinto thesubgrade for
the following conditions.
— Mean annual temperature =
35.3°F.
— Air freezing index =
3670 degree-days
— Freezing season = 170 days
— Concrete: K = 1.0 Btu/ft hr °F,
C = 0.30 Btu/ft3°F
— Insulation: K = 0.024 Btu/ft hr
°F, C = 0.28 Btu/ft3 °F
— Gravel base: y4 =130 1b/ft3,
w = 4%
— Silt subgrade: y =100 lb/ft3,
w =10%.

- Surface freezing index = 0.756 X 3670 =

2752 degree-days. From the known
data

2752
Vg = = 18.2°F (eq 3-45)
170
Vo = 353 -320=383F (eq) 3-46)
. 33
a = =0.20 (eq 3-47)

16.2
b. Trial 1.UseaZ2-inch layer ofinsula-
tion and a 6-inch concrete leveling
course.
—Pavement section: 14 inches of concrete
2 inches of insulation
8 inches of concrete
leveling course

22 inches total

d 14 2 6
Rp=—-= + +
K 12X10 12x0.024 12x10
=  8.60 hr ft? °F/Btu (eq 3-48)
(14X30) + (2X0.28) + (6X30)
cp =
22
= 27.3 Btu/ft3 °F (eq 3-49)



The calculation appears in table 3-3
and indicates that this pavement sec-
tion hasanexcess of (2752 - 3033 =) 481
degree-days to prevent frost pene-
tration into the silt subgrade.

c. Trial 2. Use al.6-inch layer of
insulation and a6-inch concrete level-
ing course.

—i’a_vement section: 14 inches of concrete
1.5 inches of insulation
6 inches of concrete
leveling course

21.56 inches total

"TM 5-852-6/AFR 88-19, Volume 6 '

d 14 1.5 6
Ry = = + +
K 12X1.0 12X0.024  12X10
= 8.88hr ft? °F/Btu (eq 3-50)
(14X30) + (LBX0.28) + (6x30)
Cp =
215
= 27.9 Btu/rt3 °F (eq 3-51)

The calculation (see table 3-4)indicates
that this pavement section will not
prevent frost penetration into the silt
subgradeas (2752 - 25663 =)199 degree-
daysremain for subgrade penetration.
The 2-inch thickness of insulation is
therefore required.
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Table 3-3. Insulated pavement design, no frost penetration. " Table 3-4. Insulated pavement design, frost penetration.
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